cholesterol by the intestine, suggesting a novel role for the sterol transporter in the formation and secretion of chylomicrons.
the limit is now known to be mediated by ATP-binding cassette (ABC) half-transporters G5/G8 [6] .
Expressed in the liver and small intestine, G5 and G8 heterodimerize into a functional unit [7] to promote the secretion of sterols, with a preference for plant sterols over cholesterol [9] . In the liver, they are expressed on the apical membrane of hepatocytes [8] and secrete both cholesterol and plant sterols into the bile [10] [11] [12] . In the small intestine, they are presumed to be expressed on the apical brush border membrane of enterocytes and secrete cholesterol and plant sterols into the intestinal lumen [13] . Mutations in either G5 or G8 result in a loss of secretion [6, 14] , clinically manifested as the autosomal recessive genetic disease of sitosterolemia [15] . Patients absorb plant sterols [16] [17] [18] and lose ability to secrete plant sterols into bile, resulting in drastically elevated plasma plant sterol levels which ultimately lead to extensive xanthomas, arthritis, and premature atherosclerosis. The pathophysiological defects underlying the disease highlight the importance of understanding the mechanism by which G5/G8 works to excrete sterols from the body.
In regards to sterol absorption, G5/G8 is well-established to limit the absorption of plant sterols [6, 11, 12, [19] [20] [21] . However, the extent to which G5/G8 limits cholesterol absorption is unclear. It is important to note that sitosterolemic patients have normal or slightly above-average plasma cholesterol levels [22] as well as normal cholesterol absorption [23, 24] . Interestingly, G5/G8 is also recently implicated in intestinal TAG metabolism, in which G5/G8 deficiency in mice was found to increase total TAG absorption and secretion by the intestine [25] . What is not known is whether G5/G8 serves to limit the absorption of other dietary lipids, not just of cholesterol, by affecting the production of chylomicrons.
The objective of the study in this report was to test the hypothesis that G5/G8 limits the production of chylomicrons in the small intestine by investigating the effects of G5/G8 deficiency on (1) the transport rate of dietary TAG and cholesterol into the lymph, and (2) the stage(s) of the absorptive process that may be affected, such as uptake, mucosal assimilation, or secretion into the lymph. We employed the well-established conscious lymph fistula model to directly analyze the steady-state transport rate of lipids across the enterocyte.
Materials and Methods

Animals
Male G5/G8 KO mice previously generated by Yu et al. [10] were kindly provided to us and were backcrossed >8 generations to yield animals that were nearly of a pure C57BL6/J background. Genotype was verified by PCR. Only 3-4 month old mice were used for the study. G5/ G8 KO and WT mice were housed (3-4 mice per cage) in temperature-controlled (21 ± 1° C) cages under a normal 12:12 h light-dark cycle at the University of Cincinnati Laboratory Animal Medical Services. The mice had free access to water and standard rodent chow (LM-485 Mouse/ Rat Sterilizable Diet, Harlan Laboratories).
Body Composition and Plasma Lipid Analysis
Mice were fasted overnight. Body weights were measured and body composition was determined by nuclear magnetic resonance (NMR) analysis. On a separate day, fasting blood samples were drawn from the tail vein into heparin capillary tubes. Fasting cholesterol and TAG were measured from plasma using Infinity cholesterol assay kits (Thermo-Fisher Scientific, Middletown, VA) and Total TAG assay kits (Randox Laboratories, Kearneysville, WV). Plasma sterol composition was analyzed by gas chromatography (GC) using 5-alpha cholestane as the internal standard. Plasma samples were heated in alcoholic KOH in glass test tubes at 65 °C for 2 h. Sterols were extracted with petroleum, dried under nitrogen and dissolved in hexane for GC analysis. Quantitative analyses were based on standard curves for cholesterol, sitosterol, and campesterol generated during the same GC run.
Lymph and Duodenal Cannulation
Before surgery, the mice were fasted overnight with free access to water. Anesthesia comprised of ketamine (80 mg/kg) and xylazine (20 mg/kg) was administered intraperitoneally. Under anesthesia, the main mesenteric lymph duct was cannulated with a polyvinylchloride tube (0.20 mm inner diameter; 0.50 mm outer diameter) according to procedures first described by Bollman et al. [26] which were later adapted by us for the mouse [27] [28] [29] . Due to the delicate nature of the mouse lymph duct, the cannula was secured with a drop of cyanoacrylate glue (Krazy Glue, Columbus, OH, USA) instead of a suture. A second PVC tube (0.5 mm inner diameter, 0.8 mm outer diameter) was introduced through the fundus of the stomach into the duodenum and secured by a purse-string suture. The fundal incision was closed by the cyanoacrylate glue. Following surgery, a 5 % salineglucose solution containing 145 mmol/L NaCl, 4 mmol/L KCl, and 0.28 mol/L glucose was infused into the duodenal cannula at a constant rate of 0.3 mL/h to replenish fluids and electrolytes lost from lymph drainage. The animals were allowed to recover overnight in restraining cages maintained at 30° C to prevent hypothermia caused by surgical stress and single-animal housing. Despite being restrained, the animals still had considerable freedom to move. All procedures were performed in accordance with the University of Cincinnati Internal Animal Care and Use Committee and in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Preparation of Lipid Infusate
Lipid emulsions were prepared containing 4 µmol triolein [labeled with [9, , sonicated in 0.3 ml phosphate-buffered saline (pH 6.4). Homogeneity was verified by determining the radioactivity sampled from the top, middle, and bottom of the emulsion. Emulsions were considered homogeneous if the counts did not vary >1 %. The lipid dose was chosen based on the average daily fat and cholesterol intake for mice fed a standard rodent chow diet (4 % fat, 0.02 % cholesterol by weight). The total amount of fat and cholesterol delivered over the course of the 6 h study approximated the total daily physiologic intake of lipids.
Experimental Procedure
The morning following surgery, the 5 % glucose-saline solution was replaced with the lipid emulsion described above. The emulsion was continuously infused into the duodenum for 6 h at a constant rate of 0.3 mL/h. Lymph samples were collected every hour into pre-cooled conical centrifuge tubes. Since the animals are conscious during lipid infusion, our experiments lack the complications of anesthesia which is known to dampen the production of chylomicrons [30] . At the end of the 6 h, mice were anesthetized for tissue and organ removal. The stomach, small intestine, colon, and their luminal contents were collected for lipid analysis. The mucosa tissue of the small intestine was left intact, cut into 4 equal length segments, and labeled M1-M4 (M1-duodenum, M2 and M3-two equal segments of the jejunum, M4-ileum). The intestinal segments were homogenized using a Polytron homogenizer. The luminal contents of the stomach, small intestine, and colon were collected from three rinses of 10 mM NaTC. Radioactivity of each sample was measured by beta-scintillation. Total lymph TAG and cholesterol were measured using Total TAG assay kits (Randox Laboratories, Kearneysville, WV, USA) and Infinity cholesterol assay kits (Thermo-Fisher Scientific, Middletown, VA, USA).
Absorptive and Transport Index Calculations
Absorptive and lymph transport indexes were calculated as previously described [31] . The absorptive index represents the percentage of infused lipid taken up by the enterocyte and is calculated from the following equation: absorptive index = 100 % − % total dose recovered in the lumen. The lymphatic transport index represents the percentage of absorbed lipid secreted into the lymph and takes into consideration the uptake of lipid by the small intestine. This index is very useful to characterize the ability of the small intestine to transport lipid into lymph as chylomicrons and is calculated from the equation: Lymphatic transport index = % infused dose recovered in lymph/absorptive index × 100.
Intestinal TAG Secretion Studies
Plasma TAG in mice (fasted overnight) was measured using a total TAG assay kit (Randox Laboratories, Antrim, UK). Intestinal TAG secretion was measured a week later to minimize stress-induced variables caused by handling. To measure intestinal TAG secretion, mice (fasted overnight) were given an intraperitoneal injection of Poloxamer 407 at 1 mg/g body weight, which was previous shown to be optimal for mice to block lipoprotein lipase activity [32] . Immediately after injection, the mice were gavaged with 1 µCi [
3 H]-triolein in 150 µL olive oil. Tail blood was drawn immediately and hourly for 4 h following gavage into heparin capillary tubes. Radioactivity in the plasma samples was measured by scintillation spectroscopy. The intestinal secretion rate was derived from the average amount of radioactivity secreted over 4 h.
Statistical Analysis
The data shown are mean values ± standard errors (SE). To compare groups throughout the 6 h infusion period, two-way repeated measures analysis of variance (ANOVA) with Tukey post-test analysis were used. For comparison of data that have 2 independent variables, 2-way ANOVA was used. A t test was used for comparisons of only 2 groups. Statistical analyses were performed using GraphPad Prism v6. Data were considered significant if P < 0.05.
Results
Body and Plasma Parameters of G5/G8 KO and WT Mice
No significant differences were found in body weight, fat and lean mass, fasting plasma cholesterol and TAG levels between G5/G8 KO and WT mice (Table 1) although G5/G8 KO mice tended to have a lower body weight with less fat mass. G5/G8 KO mice had elevated plasma levels of sitosterol and campesterol compared with WT, in ratios similar to previous reports in chow-fed mice [10, 25] .
Lymphatic TAG and Cholesterol Transport Rate
Infusion of the lipid emulsion at 0.3 mL/h, produced a steady lymph flow of 0.17-0.20 mL/h for both groups of mice (Fig. 1) . This showed that lymph flow would not be a variable affecting chylomicron output [33] . In WT mice, the lymphatic [
3 H]-TAG transport rate reached a steady state of 58 % of the hourly dose after 3 h (Fig. 2a) , which agreed with previous findings that steady-state absorption is achieved by 4 h [34] [35] [36] . In contrast, G5/G8 KO mice showed a significant (P < 0.05) reduction in the lymphatic [ 3 H]-TAG transport rate compared with WT, which was evident at 2 h and maximal at 3 h of infusion (Fig. 2a) . The difference tapered at the end of the infusion period, suggesting that G5/G8 KO mice experienced a delay in reaching maximal TAG transport rates. Output of TAG mass in the lymph was also reduced in G5/G8 KO mice (Fig. 2b) and paralleled the output of radiolabeled tracer. These results were surprising because G5/G8 KO mice were previously reported to have increased absorption of TAG [25] .
G5/G8 KO mice also showed a significant (P < 0.05) reduction in the lymphatic transport rate of [ 14 C]-cholesterol compared with WT, which was evident at 2 h (Fig. 3a) . While WT mice achieved a lymphatic [ 14 C]-cholesterol transport rate of 25 % of the hourly dose at 6 h, G5/ G8 KO mice only achieved 15 % of the hourly dose. These results correlated with the output of total lymph cholesterol (Fig. 3b) , although G5/G8 KO mice displayed greater variability. Thus, the reduction in lymphatic cholesterol transport by G5/G8 KO mice applied to both exogenous (radiolabeled) and endogenous plus exogenous (total) cholesterol outputs. Plasma TAG (mg/dL) 62.3 ± 6. (Fig. 4a) . There was significantly less (P < 0.05) [ 14 C]-cholesterol in only the duodenum of G5/G8 KO mice (Fig. 4b, M1) . Thus, although G5/G8 KO mice had decreased lymphatic outputs of At the end of the 6 h, G5/G8 KO mice showed a significant (P < 0.05) reduction of [ 3 H]-TAG in the lymph, no difference in the mucosa, and an increased (P < 0.05) amount recovered from the intestinal lumen (Fig. 5a) . Very little [ 3 H]-TAG refluxed into the stomach and little was recovered from the colon, indicating that most of the TAG we infused did not pass on into the feces during the experiment (Fig. 5a ). The total recovery of [ 14 C]-cholesterol was very similar to the total recovery of [ 3 H]-TAG (Fig. 5b) . G5/G8 KO mice showed a significant (P < 0.05) reduction of [ 14 C]-cholesterol in the lymph, no difference in the intestinal mucosa, and an increased (P < 0.05) amount recovered from the intestinal lumen compared with WT. Very low amounts of [ 14 C]-cholesterol were found in the lumens of the stomach and colon from both groups (Fig. 5b) .
When quantifying the efficiency of lipid uptake and secretion by the intestines of the animals (Table 2), we found that G5/G8 KO mice had a lower (P < 0.05) absorptive index for [ 3 H]-TAG, indicating that the intestines of G5/G8 KO mice had a reduced capacity to take up [ 3 H]-TAG. G5/G8 KO mice also had a lower (P < 0.05) lymphatic transport index for [ 3 H]-TAG than WT. This finding is important because it shows that TAG is not only less readily taken up but also its subsequent secretion is poorer in G5/G8 KO mice compared with WT. As with TAG, G5/ G8 KO mice had a significantly (P < 0.05) lower absorptive index as well as a lower (P < 0.05) lymphatic transport 14 C]-cholesterol than WT, indicating that G5/ G8 KO mice had a compromised ability to absorb cholesterol and transport the absorbed cholesterol into lymph. Taken together, the data clearly indicates that a loss of G5/ G8 function causes impairment in both the uptake and lymphatic transport of dietary TAG and cholesterol into lymph. How G5/G8 is affecting the mechanism of uptake and the packaging of absorbed lipids into chylomicrons warrants further study.
Intestinal TAG Secretion
Since G5/G8 KO mice were previously shown to have an increased intestinal secretion of TAG [25] , we determined the intestinal secretion of TAG in our G5/G8 KO mice using a different cohort of animals. In contrast, G5/G8 KO mice showed lower (P < 0.05) intestinal secretion of [ 3 H]-TAG (n = 6, 10.1 ± 1.3 % total dose/h) compared with WT (n = 6, 15.3 ± 1.5 % total dose/h). Fasting plasma TAG and cholesterol were similar between the two groups ( Table 1) .
Discussion
In the present study, we found that G5/G8 deficiency in mice decreases the transport rate of both dietary TAG and cholesterol into the lymph. The overall reduction of lipids delivered to the lymph was accompanied by their accumulation in the intestinal lumen. Interestingly, the lipids did not accumulate in the intestinal mucosa. The data show that G5/G8 deficiency suppresses the transport of TAG and cholesterol from lumen to lymph, suggesting a novel role of G5/G8 in facilitating the production of chylomicrons.
G5/G8 deficiency did not affect the body weight, body composition, or fasting plasma TAG and cholesterol levels, although G5/G8 KO mice tended to have a lower body weight with less fat mass ( Table 1) . Under steady state conditions of lipid transport, G5/G8 KO mice were delayed in reaching maximal TAG transport rates into the lymph (Fig. 2) as well as showed decreased overall transport of TAG from lumen to lymph ( Fig. 5a ; Table 1 ). G5/G8 KO mice were no different from WT mice in the mucosal accumulation of TAG (Fig. 4a) , suggesting that G5/G8 deficiency did not increase the intracellular TAG pools of the enterocyte. This is unlike the case of CD36 deficiency where TAG accumulated in the mucosa, manifesting in large cytosolic lipid droplets and reducing intestinal TAG secretion [27, 37] . Overall the data suggest that dietary TAG uptake into the enterocyte and its secretion into the lymph are limited in the state of G5/G8 deficiency.
These results were surprising because G5/G8 deficiency was previously found to increase absorption and secretion ]-cholesterol in WT control (n = 9) and G5/G8 KO (n = 13) mice at the end of the 6 h lipid infusion. Lymph refers to the total radiolabeled lipid collected from the lymph over the 6-h infusion period. Mucosa refers to radioactivity recovered after homogenization of the small intestine. Lumen refers to small intestinal luminal contents that were washed and collected at the end of infusion. Very low amounts of G5/G8 KO 87.5 ± 2.7* 26.8 ± 4.9* 67.4 ± 4.8* 9.5 ± 2.9* of TAG [25] . However, when we measured intestinal TAG secretion into the plasma, we observed decreased intestinal TAG secretion in G5/G8 KO mice, which is consistent with our lymphatic transport results. The difference in results may be attributed to the genetic background of the mice used in the two studies (129S6SvEv × C57BL/6 J strain used in their study versus a nearly pure C57BL/6 J background used in our study), which could potentially introduce phenotypic variability [38, 39] . Interestingly, G5/G8 deficiency also decreased the lymphatic transport rate, as well as mass output, of cholesterol (Fig. 3) . This decrease was observed concomitant with an increase of lipid accumulated in the intestinal lumen ( Fig. 5b ; Table 1 ), suggesting that G5/G8 deficiency also limited the uptake and secretion of dietary cholesterol. A study by Wang et al. [20] had reported that G8 KO mice had increased cholesterol transport into the lymph. There are two key differences in our study design that may explain the difference in our observations. Firstly, to account for variations in bile composition, the Wang et al. [40] diverted the bile duct in animals and supplied "model bile" comprised of taurocholate and phospholipid. The lipid infusate included only a trace amount of radiolabeled cholesterol. In a system where luminal cholesterol is deficient, it is possible that G5/G8 may efflux cholesterol better under these conditions, especially in the presence of bile salt and phospholipid, which are good cholesterol acceptors. Secondly, they supplied medium-chain fatty acids as the vehicle and hence, TAG-rich chylomicrons are minimally produced in their system. Unknown is whether cholesterol transport is altered with the addition of dietary TAG in G5/G8 KO animals. The question of whether cholesterol transport can be altered in the presence of TAG was also posed by Sontag et al. [41] , which they believed cholesterol absorption rates are different in delivery vehicles using medium-chain TAG versus long-chain TAG.
Because G5/G8 is presumed to efflux sterols into the intestinal lumen, its deficiency would expectedly accumulate cholesterol in the mucosa. Also, since G5/G8 is expressed differentially along the length of the intestine [42] , which is thought to contribute to differential degrees of absorption [20, 21, 43] , we speculated that G5/G8 deficiency would accumulate lipids differently in the various intestinal segments. However, we found that G5/G8 deficiency did not affect the mucosal accumulation of cholesterol, except slightly in the duodenum (Fig. 4b) . These results complement the report from Wang et al. [20] , who found no differences in [
14 C]-cholesterol retained in any of the intestinal segments between G8 KO and WT mice after measuring acute uptake 45 min after lipid dose. Nyugen et al. [21] reported that G5/G8 KO mice accumulated [ 14 C]-cholesterol in the jejunum; however, this was seen after a bolus dose of mixed sterols. It is also important to note that acute conditions differ from steady-state conditions in terms of measuring regional differences in mucosal uptake [44] . Regardless of slight differences in regional uptake, the data from this study and other laboratories clearly demonstrate that G5/G8 deficiency does not significantly impact the accumulation of lipids in the mucosa.
Since the transport processes of both TAG and cholesterol are affected from lumen to lymph, the findings illustrate a critical role for G5/G8 in the formation and secretion of chylomicrons. G5/G8 KO mice do not have altered gene expressions of microsomal transfer protein (MTP) and apolipoprotein B, NPC1L1 protein levels [45] nor have markers that would indicate ER stress [21] , all of which would affect chylomicrons assembly. Interestingly, a recent report by Nguyen et al. [21] also observed G5/G8 KO mice having reduced cholesterol transport into the lymph, concomitant with reduced TAG associated with chylomicrons. After analyzing chylomicron composition, they concluded that G5/G8 KO mice had abnormal chylomicron assembly. They speculated that the plant sterols in their lipid infusate caused the reduction in lymph cholesterol. However, we did not infuse plant sterols and still found a dramatic reduction in the lymphatic transport of TAG and cholesterol in G5/G8 KO mice, suggesting that the effect was independent of plant sterols. However, since the mice were maintained on a chow diet prior to fasting, we cannot exclude the possibility that plant sterols derived from the chow may have caused interference.
Reports on cholesterol absorption in G5/G8 KO mice have varied and may be attributed to the methods used. Earlier studies found no difference in fractional cholesterol absorption between G5/G8 KO and WT mice [10, 19] . However the method used in these reports, the fecal dualisotope ratio method [46] , may be inappropriate for G5/G8 KO mice because the method depends critically on a nonabsorbable radiolabeled plant sterol marker [3, 45] , which is well-absorbed in G5/G8 deficient mice [20] . Hence, we used the conscious lymph fistula model to directly determine the absorption of dietary lipids into the lymph, as well as to measure their accumulation in the intestinal lumen and mucosa under steady-state conditions of lipid transport.
G5/G8 is implicated in the transintestinal cholesterol efflux (TICE) pathway, which is responsible for the reverse transport of cholesterol from the plasma to the basolateral membrane of the enterocyte, its efflux into the intestinal lumen, and subsequent elimination into the feces [40, 47] . However, G5 deficiency was found to only affect 4 % of the daily TICE contribution to cholesterol excretion [48] , suggesting a minor role for G5/G8 in this reverse transport. Also, the rates of TICE were found to range between 1-2 nmol/min × 100 g body weight [40] , which is considerable less (~10 fold) than the steady-state transport rate of cholesterol into the lymph (Fig. 3b) . Although our study was not designed to examine TICE, we believe that TICE has limited contribution to our findings.
Our study has potential limitations. Firstly, the animals used in the study were maintained on standard rodent chow which has a considerable amount of plant sterols and accumulate in the plasma of G5/G8 KO mice. As a result, the plant sterols derived from plasma may interfere with the transport processes of TAG or cholesterol in the intestine, in our study as well as of other investigators [10, 20, 25] . Secondly, G5/G8 KO mice are known to have less biliary cholesterol [10] , which may be a variable in our analysis. However, the cholesterol provided in our lipid emulsion per hour is substantially more (~12 fold) than that of bile, assuming a gallbladder volume of 16.5 µL of a WT mouse [49] with a biliary cholesterol concentration of 4 μmol/mL [10] , making the contribution of biliary cholesterol minimal in our study.
In conclusion, although the exact mechanism is still unknown of how G5/G8 handles TAG and cholesterol in the intestine, our studies show that a loss of G5/G8 function causes a backup of lipid trafficking across the enterocyte and subsequent production of chylomicrons. Instead of accumulating in the mucosa, the lipids are rate-limited and accumulate in the intestinal lumen. Our findings demonstrate a novel role for G5/G8 and provide another insight into the complex intracellular processes that orchestrate with G5/G8 transporters in the delivery of dietary lipids.
